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The upper Hanjiang River region is the recharge area of the middle route of South-to-North Water 
Transfer Project. The region is under construction of the Hanjiang-Weihe River Water Transfer Project 
in China. Monsoon precipitation variations in this region are critical to water resource and security of 
China. In this study, high-resolution monsoon precipitation variations were reconstructed in the upper 
Hanjiang River region over the past 6650 years from δ18O and δ13C records of four stalagmites in 
Xianglong cave. The long term increasing trend of stalagmite δ18O record since the middle Holocene 
is consistent with other speleothem records from monsoonal China. This trend follows the gradually 
decreasing Northern Hemisphere summer insolation, which indicates that solar insolation may control 
the orbital-scale East Asian summer monsoon (EASM) variations. Despite the declined EASM intensity 
since the middle Holocene, local precipitation may not have decreased remarkably, as revealed by the 
δ13C records. A series of centennial- to decadal-scale cyclicity was observed, with quasi-millennium-, 
quasi-century-, 57-, 36- and 22-year cycles by removing the long-term trend of stalagmite δ18O record. 
Increased monsoon precipitation during periods of 4390–3800 a BP, 3590–2960 a BP, 2050–1670 a BP 
and 1110–790 a BP had caused four super-ﬂoods in the upper reach of Hanjiang River. Dramatically dry 
climate existed in this region during the 5.0 ka and 2.8 ka events, coinciding with notable droughts 
in other regions of monsoonal China. Remarkably intensiﬁed and southward Westerly jet, together with 
weakened summer monsoon, may delay the onset of rainy seasons, resulting in synchronous decreasing 
of monsoon precipitation in China during the two events. During the 4.2 ka event and the Little Ice Age, 
the upper Hanjiang River region was wet, which was similar to the climate conditions in central and 
southern China, but was the opposite of drought observed in northern China. We propose that weakened 
summer monsoon and less strengthened or normal Westerly jet may cause rain belt stay longer in the 
southward region, which reduced rainfall in northern China but enhanced it in central and southern 
China.
© 2017 Elsevier B.V. All rights reserved.1. Introduction
Hanjiang River is the longest branch of Yangtze River. The upper 
Hanjiang River region is the recharge area of the middle route of 
South-to-North Water Transfer Project in China. It will also supply 
water for a recently under construction project named Hanjiang-
Weihe River Transfer Project in Shaanxi province, China. Precipita-
* Corresponding author.
E-mail address: tanlch@ieecas.cn (L. Tan).https://doi.org/10.1016/j.epsl.2017.11.044
0012-821X/© 2017 Elsevier B.V. All rights reserved.tion variations in the upper Hanjiang River region not only affect 
regional environment and economy but also have an important 
inﬂuence on the water security of China. Understanding the pre-
cipitation variability and mechanisms in this region on different 
timescales is critical to make strategic plans for sustainable use of 
water resources of Hanjiang River.
Modern instrumental records in China are too short (often 
began from the 1950s) to reveal the precipitation changes on 
millennial- to centennial- and decadal-timescales. Therefore, it is 
crucial to reconstruct past precipitation variations by using var-
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instrumental records. Paulsen et al. (2003) reconstructed the cli-
mate variations in central China over the past 1270 years by us-
ing a stalagmite from Buddha cave. The stalagmite δ18O and δ13C 
records revealed generally dry “Medieval Warm Period” and “Mod-
ern Warm Period”, but a wet “Little Ice Age” (LIA) (Paulsen et 
al., 2003). Tan et al. (2009, 2015a) further reconstructed high-
resolution monsoon precipitation changes in the upper Hanjiang 
River region during the last 750 years based on stalagmite and 
historical records from Dayu Cave in southern Shaanxi province, 
China. They also observed a wet LIA in this region (Tan et al., 
2009). This observation is the opposite of a dry LIA in north central 
China (Tan et al., 2011a). By combining stalagmite and historical 
records, they suggested droughts and even modest events inter-
rupting wet intervals in historical times had caused serious social 
crises in this region (Tan et al., 2015a). The observed regional dif-
ferences between the upper Hanjiang River region and north cen-
tral China during LIA is consistent with a recent review by Chen et 
al. (2015b). They synthesized moisture/precipitation records dur-
ing the past 1000 years in China, and suggested a dry LIA in the 
northern part of monsoonal China and a wet LIA in the southern 
part, with the boundary at about 34◦N (Chen et al., 2015b), north 
of Dayu Cave.
Despite the existing studies, it remains unclear about the char-
acteristics and mechanisms of centennial- to decadal-scale pre-
cipitation variability in the upper Hanjiang River region during 
the Holocene. How did precipitation in this region respond to 
Holocene abrupt events, such as 5.0 ka, 4.2 ka and 2.8 ka events 
(Mayewski et al., 2004)? Were there any differences between pre-
cipitation changes in the late and middle Holocene under different 
solar insolation conditions? What’s the relationship between ex-
treme ﬂood and climate change? These are open questions.
Stalagmite is an ideal natural archive for Quaternary climate 
reconstruction, with the advantages of accurate dating, continu-
ous growth and high resolution (Fairchild et al., 2006). Multiple 
proxies in stalagmite, such as stable oxygen and carbon isotopes 
(Fairchild et al., 2006), trace elements (Fairchild and Treble, 2009), 
lipid biomarker (Blyth et al., 2007), fossil water and noble gases in 
ﬂuid inclusions (Krüger et al., 2011), magnetism (Zhu et al., 2017), 
growth rate (Tan et al., 2013), and ﬂuorescent intensity (Baker 
and Genty, 1999), can be used to reconstruct paleoenvironmental 
and climatic changes. Here we reconstruct monsoon precipitation 
changes in the upper Hanjiang River region over the past 6650 yr 
by using four stalagmites δ18O records from Xianglong cave in 
southern Shaanxi province, China, with an average 9-yr resolution. 
The variations, periodicities and mechanisms are further discussed.
2. Cave and regional climate
Xianglong cave (Lucky Dragon cave, 33◦00′N, 106◦20′E,
940 masl), formed in early Proterozoic dolomite, is located in the 
upper Hanjiang River region and southern slope of Qinling Moun-
tains, China (Fig. 1). The explored length of the cave is more than 
1.2 km (Fig. S1). According to two hydrologic years’ monitoring 
(Oct. 2009–Aug. 2011, Fig. 2), the relative humidity inside Xiang-
long cave maintains 100% during the most time of the year, except 
for some days in winter, which is still higher than 96%. The average 
temperature inside the cave is 13.0 ◦C, with a standard deviation 
of 1 ◦C (Fig. 2), consistent with annual air temperature in this area. 
The monitoring results indicate a relatively closed environment of 
the cave. Because of the water storage in the relatively thick cave 
roof (40–80 m), inﬁltration is continuous even during the driest 
winter months. Abundant modern and fossil speleothems formed 
in the tunnels and chambers of the cave.
Mean annual rainfall in this area is 1100 mm, with more than 
70% occurs during the summer monsoon months (June–October). Fig. 1. Locations of Xianglong Cave and other sites mentioned in the paper. Panel A 
is an overview topographic map showing the study region (yellow rectangle). Blue 
arrows denote the directions of Westerly, East Asian winter monsoon, East Asian 
summer monsoon (EASM) and Indian summer monsoon (ISM), which affect the 
climate in China. Panel B is an enlarged map showing the location of Xianglong 
Cave in the upper Hanjiang River region. The Qinling Mountains, Hanjiang River, 
and Weihe River are also shown. GTOPO30 data distributed by U.S. Geological Sur-
vey’s EROS (Earth Resources Observation and Science). (For interpretation of the 
references to color in this ﬁgure legend, the reader is referred to the web version of 
this article.)
δ18O values of precipitation in summer are lower than those in 
winter and spring (Tan et al., 2015b). Water balance simulation 
suggests most of the water surplus occurs between July and Oc-
tober due to soil water deﬁcit during dry season. As a result, 
recharge of the aquifer of Xianglong cave occurs mainly from EASM 
rainfall (Tan et al., 2013).
3. Samples and methods
Four columnar shaped stalagmites, XL2, XL16, XL21 and XL26 
were collected 700–950 m away from the cave entrance in 2009 
(Supplementary materials, Fig. S1), with lengths of 18, 38.5, 4.2, 
and 41.5 cm, respectively. The growth rate (Tan et al., 2013), trace 
elements (Tan et al., 2014a), and δ18O values (Tan et al., 2015b)
of the annually-layered stalagmite, XL21, growing from 1912 AD 
to 2009 AD, was reported before. This paper focuses on the other 
three samples (Fig. 3).
When halved and polished, the stalagmites show clear growth 
layers. The lithological characteristics are homogeneous for XL2 
and XL16, but it changed in 36.8 cm from the top for XL26 (Fig. 3). 
To further conﬁrm the primary mineralogy and check for post de-
positional alteration, 17 subsamples were drilled from the polished 
surface of the three stalagmites and analyzed for X-ray diffrac-
tion (XRD). The measurements were performed on a PANalytical’s 
X’pert Pro X-ray diffractometer (PW3071) at the Institute of Earth 
Environment, Chinese Academy of Sciences (IEECAS), Xi’an, China.
About 50 mg powder, parallel to the growth planes of the sta-
lagmites, were drilled with a hand-held carbide dental drill and 
dated with U/Th methods. A total of 57 subsamples were ana-
lyzed. The chemical procedure used to separate uranium and tho-
rium followed those described by Edwards et al. (1987). Measure-
ments were made on a multi-collector inductively coupled plasma 
582 L. Tan et al. / Earth and Planetary Science Letters 482 (2018) 580–590Fig. 2. Environmental monitoring results during Oct. 2011 and Aug. 2013 in Xianglong cave. The red and blue lines represent temperature and relative humidity, respectively. 
The monitoring time interval is two hours. The results indicate that the temperature inside the cave is 13.0 ± 1 ◦C, consistent with annual air temperature in this area. The 
relative humidity maintains 100% during the most time of the year. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web 
version of this article.)
Fig. 3. Polished sections of stalagmites XL2, XL16, and XL26. Sampling positions and results of XRD analyses for the three stalagmites are shown. The letter A represents 
aragonite, and C represents calcite.mass spectrometer (MC-ICPMS) at the University of Minnesota, 
USA (Cheng et al., 2013). An initial 230Th/232Th atomic ratio of 
4.4 ± 2.2 × 10−6 was used to correct for the initial 230Th amount.
Subsamples of stalagmites for stable isotope analyses were 
drilled out at intervals from 0.5 to 1 mm according to their de-
positing rates. A total of 981 stable isotopic measurements were 
performed on an IsoPrime100 gas source stable isotope ratio mass 
spectrometer equipped with a MultiPrep system at the IEECAS. The international standard NBS19 and laboratory standard HN were 
added to the analysis every 10 to 15 samples to check for homo-
geneity and reproducibility of results. The replicates showed that 
the precision of δ18O and δ13C analysis are better than 0.1 (2σ , 
VPDB).
Sr and Ca counts of XL2 and XL16 were measured by XRF scan-
ning method using an Itrax core scanner (Croudace et al., 2006)
at the First Institute of Oceanography, State Oceanic Administra-
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indicated in the plot are the 2σ errors.
tion, China. XRF scanning is a quick and non-destructive method, 
and had been successfully applied in sediment cores (Löwemark et 
al., 2011; Liang et al., 2012) and speleothem (Borsato et al., 2007;
Cui et al., 2012; Finné et al., 2014; Frisia et al., 2005) trace ele-
ments studies. The scans were conducted along two different paths 
of XL2 and XL16, respectively, at 0.2 mm sampling resolution to 
check for the homogeneity of Sr distribution in the same layers.
4. Results
4.1. Mineralogy
XRD analyses results suggest XL2 and XL16 are composed of 
pure aragonite. Most part of XL26 is composed of pure aragonite, 
except for the bottom part below 36.8 cm which is composed of 
calcite (Fig. 3). XL2, XL16, and the aragonite part of XL26 are in-
cluded for this study.
4.2. Chronology
The 230Th dating results are shown in Table S1. It indicates that 
all dates of the three stalagmites are in stratigraphic order, and 
no hiatus is observed. Because of the high uranium concentrations 
(1–4 ppm) and relative low thorium concentrations (most of them 
were less than 300 ppt), most of the dating errors are less than 
5. Linear interpolation method was used to establish age models 
of the stalagmites (Fig. 4). The results indicate XL2 grew from 1972 
to 4200 yr BP, XL16 grew from 653 to 4912 yrBP, and XL26 grew 
from 2984 to 6651 yr BP.
4.3. δ18O
The δ18O of XL2 and XL16 replicate each other very well dur-
ing their overlapping time period from 1972 to 4200 yr BP. The 
δ18O variations of XL26 are also consistent with the other two 
records during the overlapping period of 2984 to 4912 yr BP, de-
spite a systematical offset of ∼0.5 in the absolute δ18O values 
(Fig. 5 and S2). The slight offset may be caused by prior carbonate 
precipitation through different water ﬂow paths above stalagmites 
(Fairchild et al., 2006). The replications indicate that the three sta-
lagmites deposited under oxygen isotopic equilibrium fractionation 
conditions (Wang et al., 2001). A spliced XL δ18O record covering 
the middle-late Holocene is then constructed by using XL16 and 
XL26 records, together with a previously published modern sta-
lagmite, XL21 record (Tan et al., 2015b). The composite XL δ18O 
record includes original XL21 record from −59 to 38 year BP, orig-
inal XL16 record from 653 to 3331 yr BP, and the adjusted XL26 Fig. 5. δ18O records of (A) XL26 (B) XL2 and XL16. U/Th dates and error bars (2σ ) 
are illustrated with different colors for each stalagmite sample. Panel D is a spliced 
XL record. It was composed by adjusted XL26 record (+0.5) from 3339 to 6651 yr 
BP, original XL16 record from 653 to 3331 yr BP, and an annually layered stalagmite 
record, XL21, from −59 to 38 yr BP. The new record is composed of 764 δ18O mea-
surements and 33 U/Th dates.
record (+0.5) from 3339 to 6651 yr BP (Fig. 5). The new record 
is composed of 764 δ18O measurements and 33 U/Th dates. In 
general, there is an increasing trend in the δ18O values of the 
stalagmites since the middle Holocene, ranging from −10.7 to 
−5.36. Superimposed on the long-term increasing trend are a 
series of centennial- to decadal-scale ﬂuctuations.
4.4. δ13C
The δ13C of the three stalagmites are also generally consistent 
during their overlapping periods, except for some spikes with no-
tably increased values (Fig. S2). The δ13C spikes occurred in the 
periods with slow growth rates (Fig. S2), which were probably 
caused by individual air–water–rock interactions during carbonate 
precipitation (Fairchild et al., 2006; Wang et al., 2017). The δ13C 
values range from −7.28 to 0.2, with most of them fall in the 
interval of −3 to −6. Contrary to the stalagmite δ18O records, 
the δ13C records does not show an increasing trend since the mid-
dle Holocene. However, there are signiﬁcantly positive correlation 
between the δ13C and the corresponding δ18O records for XL2 
(r = 0.37, p < 0.01), XL16 (r = 0.26, p < 0.01) and XL26 (r = 0.16, 
p < 0.01), indicating common inﬂuencing factors of the two prox-
ies on centennial- to decadal-timescales.
4.5. Sr/Ca ratio
The Sr/Ca count ratios of XL2 varied between 0.1 and 0.6, 
and the ratios of XL16 ranged between 0.1 and 0.9 (Fig. 6). The 
Sr/Ca variations along different paths replicate very well for XL2 
and XL16 considering slight chronology offsets for individual mea-
surements (Fig. S3). The coherence indicates the homogeneity of Sr 
584 L. Tan et al. / Earth and Planetary Science Letters 482 (2018) 580–590Fig. 6. Sr/Ca results of XL16 and XL2, and their comparisons with the corresponding 
δ18O and δ13C records. Panel A and B are comparisons among the Sr/Ca (grey lines), 
δ18O (red line), and δ13C (blue line) records of XL16, respectively. Panel C and D are 
comparisons among the Sr/Ca (grey lines), δ18O (brown line), and δ13C (green line) 
records of XL2, respectively. (For interpretation of the references to color in this 
ﬁgure legend, the reader is referred to the web version of this article.)
distribution in the same layer of the stalagmites. The Sr/Ca ratios 
of XL16 show weak but signiﬁcant positive correlation (r = 0.23, 
p < 0.01) with those of XL2 during the overlapping time period 
(except for 2.6–2.9 ka), which demonstrates an increasing trend 
since 4200 yr BP, similar to the δ18O trend (Fig. 6 and S3). In addi-
tion, the Sr/Ca records (5-point moving average) are widely similar 
with the corresponding δ18O records for XL2 (r = 0.29, p < 0.01) 
and XL16 (r = 0.31, p < 0.01), respectively (Fig. 6). We also ob-
serve a signiﬁcant positive correlation between the Sr/Ca and δ13C 
records of XL2 (r = 0.30, p < 0.01). However, no signiﬁcant corre-
lation is observed for Sr/Ca and δ13C records of XL16.
5. Discussion
5.1. Interpretations of δ18O, δ13C and Sr/Ca
The climate signiﬁcance of speleothem δ18O values from mon-
soonal China has been debated in recent years (Chen et al., 2016;
Clemens et al., 2010; Dayem et al., 2010; Liu et al., 2015; Pausata 
et al., 2011; Tan, 2014). Multiple processes may inﬂuence the 
speleothem δ18O values under equilibrium fractionation, such as 
cave temperature, rainfall amount, upstream depletion, change in 
the ratio of the amount of summer to winter precipitation, changes 
in the precipitation to evaporation (P:E) ratio, moisture recycling 
and circulation, and changes in moisture source composition and transport pathway (Breitenbach et al., 2010; Cai et al., 2010;
Clemens et al., 2010; Liu et al., 2015; Pausata et al., 2011; Tan, 
2014). By comparing Chinese stalagmite δ18O records with other 
regional moisture/rainfall records, for example the pollen-based 
rainfall reconstruction from Gonghai lake in northern China (Chen 
et al., 2015a), some scientists argue that the speleothem δ18O 
records from southern China cannot be used to represent north-
ern EASM rainfall during Holocene (Chen et al., 2015a, 2016; Liu 
et al., 2015). However, a recently published lake level record from 
northern China show similar variations with Chinese stalagmite 
δ18O records, especially with stalagmite δ18O record from northern 
China, during the past 125 ka on both orbital and millennial time 
scales (Goldsmith et al., 2017b), although its water sources are 
still debatable (Goldsmith et al., 2017a; Liu et al., 2017). Replica-
tions of the stalagmite δ18O records from different caves in south-
ern China (Cheng et al., 2009, 2016) suggested Chinese stalagmite 
δ18O records represent changes in the overall Asian monsoon in-
tensity or a ﬁrst order change in spatially-integrated rainfall be-
tween moisture sources and cave site on orbital- to millennial-time 
scales, but not necessarily the rainfall in a certain region.
On centennial to decadal timescales, regional differences were 
observed in speleothem δ18O records from the south to the north 
of monsoonal China during the last 800 yr (Tan et al., 2009), which 
highlight the complex controlling factors of Chinese speleothem 
δ18O on different regions and different timescales. While changes 
in moisture source and transport pathways seem to play an im-
portant role on the speleothem δ18O variations in southeast China 
(Tan, 2014), negative correlations between speleothem δ18O and 
local rainfall variations were observed in some regions (Liu et al., 
2014). For example, a stalagmite δ18O record from Xiaobailong
cave in southwest China, with its moisture mainly comes from 
the Bay of Bengal, demonstrated inverse relationship with the 
instrumental rainfall record (Tan et al., 2017). Stalagmite δ18O 
variations in the north front region of Asian summer monsoon 
also showed signiﬁcant negative correlations with local rainfall 
changes during historical and instrumental periods (Li et al., 2017;
Tan et al., 2014b, 2011b; Zhang et al., 2008).
By analyzing all the possible controlling factors, Cai et al. (2010)
stated that the speleothem δ18O from Jiuxian cave in the southern 
slope of Qinling Mountains, 260 km northeast of Xianglong cave, 
may indicate the amount of EASM precipitation on millennial- to 
centennial-timescales with lighter values representing increased 
monsoon precipitation and heavier values representing decreased 
monsoon precipitation. Recently, an annually-layered stalagmite, 
XL21, from Xianglong cave, shows an inverse relationship between 
its δ18O and local rainfall amount (both annually and monthly) 
during the last hundred years, which further conﬁrms this rela-
tionship on decadal timescale (Tan et al., 2015b). Another evidence 
came from the comparison between stalagmite δ18O and historical 
drought records in Dayu cave (Tan et al., 2015a), which is 15 km 
north of Xianglong cave. The drastic positive shifts of the δ18O dur-
ing the last 500 years corresponded well with droughts recorded 
in the cave inscriptions inside Dayu cave (Tan et al., 2015a). Since 
Xianglong cave is at similar distances to the two main mois-
ture sources, the Bay of Bengal and West Paciﬁc, changes in 
moisture source and transport pathway (Breitenbach et al., 2010;
Tan, 2014) have minor effect on the δ18O variations in speleothems 
from this region (Tan et al., 2015b), except for large changes in 
topography and the δ18O values of surface seawater on glacial–
interglacial timescale (Cai et al., 2010). As a result, we interpret 
our stalagmite δ18O record here as an indicator of EASM intensity 
on orbital- to suborbital-timescales, but on centennial- to decadal-
timescales the monsoon precipitation amount in the upper Han-
jiang River region.
Previous studies suggested that speleothem δ13C changes on 
orbital- to suborbital-timescales were mainly controlled by the 
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sociated with C3 and C4 plants (Dorale et al., 1998; McDermott, 
2004; Wang et al., 2017). On centennial- to decadal- and annual-
timescales, dry climate would reduce the vegetation cover and 
density and soil microbial activity, increase residence time of 
inﬁltrating water and allow more δ13C-enriched bedrock to be 
dissolved (Fairchild et al., 2006). Furthermore, such water deﬁ-
ciency potentially enhances prior calcite precipitation (PCP) in the 
epikarst and reduces drip rates in the cave, which in turn allow 
for prolonged CO2 degassing from the dripwater (Breitenbach et 
al., 2015). All these factors could contribute to increasing δ13C val-
ues in speleothems (Breitenbach et al., 2015; Fairchild et al., 2006). 
The observed positive correlation between the stalagmite δ18O and 
δ13C values conﬁrm our interpretation of δ18O as a rainfall index 
in this region on short timescales.
Broad similarities of Sr/Ca, δ18O, and δ13C values in both XL2 
and XL16 (Fig. 6) demonstrate that Sr variations in the two stalag-
mites were largely controlled by the degree of water–rock interac-
tions (Fairchild and Treble, 2009). Less rainfall can cause prolonged 
residence time of seepage water in the vadose zone of the cave, 
which can resolve more Sr from soil and bedrock, and result in 
higher Sr concentration in the speleothems. Meanwhile, prolonged 
residence time of seepage water favors PCP and CO2 degassing, 
which can also cause higher Sr/Ca ratios in speleothems (Fairchild 
and Treble, 2009; Johnson et al., 2006). Prior aragonite precipita-
tion (PAP) was not the dominant process because enhanced PAP 
during dry interval would decrease the Sr/Ca ratio in speleothems 
(Wassenburg et al., 2016), which is the opposite of our observa-
tions (Fig. S2). However, other factors, such as different ﬂow paths, 
temperature, and growth rate dependent partition coeﬃcient be-
tween water and carbonate could also affect the Sr variations in 
speleothems (Fairchild and Treble, 2009). The discrepancies be-
tween the Sr/Ca and stable isotopic (δ18O and δ13C) records, espe-
cially during extremely dry events, may be ascribed to the chronol-
ogy offsets of the different sampling paths. On the other hand, it 
could be caused by other factors. The controlling factors of Sr may 
be different between different caves and different speleothems 
(Wong et al., 2011). For example, signiﬁcant correlation was ob-
served between Sr/Ca and growth rate but rainfall amount in XL21 
during the last hundred years (Tan et al., 2014a). High Sr/Ca ratios 
were recorded in XL16 during the extreme drought around 2.8 ka, 
but not in XL2 (Fig. 6 and S3). Therefore, it is important to com-
pare with other proxies when using trace elements to reconstruct 
past climate change.
5.2. Monsoon precipitation variations in the upper Hanjiang River 
region
The increasing trend of our δ18O since the middle Holocene is 
consistent with other speleothem records from monsoonal China 
such as Jiuxian cave (Cai et al., 2010), Sanbao cave (Dong et al., 
2010), Heshang cave (Hu et al., 2008), and Dongge cave (Wang et 
al., 2005), which follows the gradually decreasing Northern Hemi-
sphere summer insolation (Berger and Loutre, 1991) (Fig. 7). The 
comparison conﬁrms the previous conclusion that solar insola-
tion controlled the orbital-scale Asian summer monsoon varia-
tions (Fleitmann et al., 2003; Wang et al., 2001). On centennial-
to decadal-timescales, our XL δ18O record shows broad similar-
ities with Jiuxian record (Cai et al., 2010) in this region but 
large discrepancies with stalagmite records (Dong et al., 2010;
Hu et al., 2008; Wang et al., 2005) from other regions (Fig. 7). 
This could be ascribed to different dating errors and resolutions 
of these records. On the other hand, the discrepancies may sug-
gest different factors dominating speleothem δ18O from different 
region in monsoonal China on centennial- to decadal-timescales 
(Tan et al., 2009), such as changes in moisture sources (Tan, 2014).Fig. 7. Comparison of stalagmite δ18O records from (B) Xianglong cave (this study), 
(C) Jiuxian cave (Cai et al., 2010), (D) Sanbao cave (Dong et al., 2010), (E) Heshang 
cave (Hu et al., 2008) and (F) Dongge cave (blue curve referred from Dykoski et al., 
2005, and dark red curve referred from Wang et al., 2005). Curve A is the mid-June 
solar insolation in 30◦N (Berger and Loutre, 1991). (For interpretation of the refer-
ences to color in this ﬁgure legend, the reader is referred to the web version of this 
article.)
It is worth to note that the stalagmite δ13C records do not show 
an increasing trend since the middle Holocene (Fig. S2), suggest-
ing no substantial climate induced changes of the C3/C4 plant-
ratio on orbital timescales in this region (Fairchild et al., 2006;
McDermott, 2004; Wang et al., 2017). This is consistent with the 
δ13C values of a peat core from central China, 360 km southeast of 
Xianglong cave (Ma et al., 2008). They ranged between −28 and 
−26.4 during the last 7000 yr, indicating dominating C3 vege-
tation in this region (Ma et al., 2008). As a result, it might imply 
that the precipitation in the upper Hanjiang River region didn’t de-
crease remarkably since the middle Holocene, despite the reduced 
EASM intensity. This is consistent with a previous study in central 
China (Hu et al., 2008), and supports the recent simulation results 
(Wen et al., 2016).
To further reveal the centennial- to decadal-scale monsoon pre-
cipitation variations in the upper Hanjiang River region, the long-
term trend of the XL δ18O record was removed (Fig. 8) and the 
trend is ﬁtted by a polynomial equation, y = −7 × 10−12x3 + 3 ×
10−8x2 − 2 × 10−4x − 6.2994. On centennial scale, periods of in-
creased monsoon precipitation in the upper Hanjiang River region 
during the last 6650 yr are identiﬁed as: 6500–6100, 4850–4650, 
4390–3800, 3590–2960, 2680–2450, 2050–1670, and 1110–790 a 
BP. Periods of decreased monsoon precipitation are observed dur-
ing 5800–4900, 4640–4400, 2950–2680, 1670–1120, and 790–650 
a BP. A series of decadal ﬂuctuations are observed in these inter-
vals.
586 L. Tan et al. / Earth and Planetary Science Letters 482 (2018) 580–590Fig. 8. Comparison of (B) detrended XL δ18O record with (A) magnetic signals in 
stalagmite from Heshang cave in the middle Yangtze River valley (Zhu et al., 2017), 
and (C) sand content (grain size >100 μm) in a section from the upper Hanjiang 
River valley (Zhang et al., 2013). The black triangles with error bars indicate four 
ﬂood events discovered in the upper reach of Hanjiang River during the past 7000 
years. Peaks in soil-derived magnetic minerals inﬂux (IRMsoft-ﬂux) indicate intervals 
with increased extreme rainfall events (Zhu et al., 2017). The peaks of sand content 
in the section indicate the increasing deposition of overbank ﬂooding events (Zhang 
et al., 2013). The red line in panel B is the 100-year running mean. The green dots 
with errors bars represent U/Th dates and dating errors of XL record. (For interpre-
tation of the references to color in this ﬁgure legend, the reader is referred to the 
web version of this article.)
Fig. 9. Power spectrum analysis results for the detrended XL δ18O record. 961-800, 
57, 36, ∼30 and 22 years cycles are signiﬁcant at above the 90% conﬁdence level. 
102-year periodicity is also observed at 80% conﬁdence. The analysis was performed 
by REDFIT spectral analysis program (Schulz and Mudelsee, 2002).
Several time-series techniques were applied to XLd δ18O record 
to better understand the periodicities in monsoon precipitation 
variations in the upper Hanjiang River region. REDFIT power spec-
trum analysis suggests periodicities on 961–800, 57, 36, ∼30- and 
22 yr that are signiﬁcant at 90% conﬁdence. A 102-yr periodic-
ity is also observed at 80% conﬁdence (Fig. 9). Wavelet analysis 
shows these periodicities too (Fig. S4). It illustrates multi-decadal 
periodicities in the whole series except for the interval from ∼5.4 
to ∼5.8 ka, which may be ascribed to the relatively low temporal resolution. The ∼100-year periodicity is signiﬁcant in 1.3–1.7 ka, 
2.2–2.8 ka, 3.5–5.0 ka and 6.0–6.5 ka. We further apply ensemble 
empirical mode decomposition (EEMD) method to the XLd record. 
The multi-decadal periodicities analyzed by EEMD are similar to 
the results from power spectrum analysis (Fig. S5). They account 
for 33% of the variance of the XLd record. In addition to centen-
nial periodicities (166 and 123 yr), EEMD results also show multi-
centennial periodicities at about 220 and 600 yr, which account 
for 26% of the variance. Similar to REDFIT results, EEMD analysis 
shows a millennial cycle (∼1100 yr).
5.3. Regional comparison
5.3.1. Pluvial periods
Several studies had investigated the palaeoﬂood slack water 
deposits (SWDs) in the upper Hanjiang River valley, and identi-
ﬁed ﬁve bedsets of SWD interbedded in the Holocene loess-soil 
section within the riverbanks. The optically stimulated lumines-
cence (OSL) dates suggested ﬁve overbank ﬂooding occurred in 
8410± 230, 4290± 90, 3170± 130, 1730± 60, and 900± 60 a BP 
(Ji et al., 2015; Zhang et al., 2013). The estimated peak discharges 
of these ﬂoods were much larger than the largest instrumental 
ﬂood records over the past 60 yr (Zhang et al., 2013). When 
comparing our detrended XL (XLd) record with the super-ﬂood 
events in the upper Hanjiang River valley, the four super-ﬂoods 
since middle Holocene all occurred in periods of increased mon-
soon precipitation as recorded in our stalagmite δ18O (Fig. 8B). 
The super-ﬂoods corresponded to ﬂuvial periods of 4390-3800, 
3590-2960, 2050-1670 and 1110-790 a BP, respectively. As also 
shown in Fig. 8C, peaks of sand content (grain size >100 μm) in 
the section from the upper Hanjiang River valley, which represent 
the deposition of overbank ﬂooding, are consistent with decreased 
δ18O values of XLd record, i.e. increased monsoon precipitation in 
this region.
In addition, our XLd δ18O record is in good agreement with 
storm events recorded by magnetic minerals in a stalagmite (HS4) 
from Heshang cave in the middle reach of Yangtze River, central 
China (Zhu et al., 2017). All the peaks of pedogenic magnetite in 
HS4, representing increased storms, correspond to more negative 
δ18O values in our XL record (Fig. 8A). Even though the wet period 
of 6500-6100 a BP in XLd record was not recorded in the magnetic 
materials in HS4, it was reﬂected in the carbon isotope compo-
sition of soil-derived acid-soluble organic matter in the stalag-
mite (Li et al., 2014). The consistency between the two stalagmite 
records suggests a synchronous change in monsoon precipitation 
in central China on centennial- to multi-decadal timescales since 
the middle Holocene.
5.3.2. 5.0 ka and 2.8 ka events
Decreased monsoon precipitation in the upper Hanjiang River 
region during the periods of 5800–4900 a BP and 2950–2680 
a BP correspond to the 5.0 ka (also called 5.5 ka or 5.2 ka) 
and 2.8 ka cold events in the high latitude Northern Hemisphere 
(Mayewski et al., 2004). Abnormal dry climate was observed in 
northern China during the 5.0 ka events, similar to that in the 
upper Hanjiang River region. The cellulose δ13C of peat from north-
east China began to increase from 5800 cal a BP, and reached its 
maximum at 5000 cal a BP. Increased δ13C values are also ob-
served during 2950–2600 cal a BP, indicating increased dryness 
during these two periods (Hong et al., 2001). During the 5.0 ka 
and 2.8 ka events, the percentage of tree pollen decreased while 
herb pollen increased in a lake from eastern Loess Plateau, in-
dicating decreased precipitation (Chen et al., 2015a). Decreased 
precipitation were recorded in western Loess Plateau too during 
these two events (Zhao et al., 2010). Multiple proxies from Qinghai 
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itation in the northeast Tibetan Plateau during 5500–5000 a BP 
(An et al., 2012). Aeolian activities were observed in this area dur-
ing ∼5500 and 2600 a BP (Lu et al., 2015). In south China, the 
chlorophyll a, total organic carbon (TOC), and Sr/Rb ratio records 
from Huguangyan maar lake decreased during 5500–5000 cal a BP 
and 3500–2800 cal a BP, indicating declined monsoon precipita-
tion (Wu et al., 2012). Since 5500 cal a BP, more drought-resistant 
herbaceous vegetation was observed in Xingyun lake from Yunnan, 
southwest China, while most of the thermophilous and mesic trees 
had disappeared or were severely reduced within the catchment. 
At the same time, the mean grain size and TOC in Xingyun lake 
also decreased during 5500–4500, revealing dry climate in south-
west China where affected by Indian monsoon (Chen et al., 2014). 
Abnormal droughts in 5000–4750 cal a BP and around 2800 cal a 
BP were recorded in Lake Xihu (Xu et al., 2015) and Lugu (Sheng 
et al., 2015) from southwest China, respectively. In addition, the 
stalagmite δ18O record from Oman (Fleitmann et al., 2003) in-
creased since 6000 a BP, and reach its maximum values in 5300 
a BP, suggesting the decreasing of Indian monsoon precipitation. 
Another signiﬁcant drought was recorded during 3100–2800 a BP, 
with its peak around 2860 a BP. Decreased monsoon precipita-
tion were also observed in lakes from western India during the 
5.0 ka event (Raj et al., 2015). The above evidence suggest that no-
table drought occurred over Asian monsoon region during 5.0 ka 
and 2.8 ka events, and support the “cool poles, dry tropics” during 
these two rapid climate change events in the Holocene (Mayewski 
et al., 2004).
5.3.3. 4.2 ka event
4.2 ka event (4200–3800 a BP) is another abrupt event reported 
in the Holocene (Bond et al., 1997; Mayewski et al., 2004), al-
though it was less widespread than the 5.0 ka and 2.8 ka events 
(Mayewski et al., 2004). Previous study suggested decreased pre-
cipitation over monsoonal China during this event (Tan et al., 
2008). However, the drought ranged from 4800 to 3400 a BP from 
previously published lacustrine records in southern China due to 
large dating uncertainties and low resolutions. In addition, they 
identiﬁed drought from the positive shift of stalagmite δ18O from 
southern China (Tan et al., 2008). As suggested by recent studies, 
circulation effect, but not local rainfall amount controls the sta-
lagmite δ18O variations in southern China (Tan, 2014). Therefore, 
it’s necessary to reexamine the hydrological condition in mon-
soonal China during the 4.2 ka event. Recently published high-
resolution lacustrine records with accurate AMS 14C dating from 
eastern (Chen et al., 2015a) and western Loess Plateau (Zhao et 
al., 2010) support a distinct drought in northern China during this 
event (Tan et al., 2008). A sharp decline of water level was also 
recorded in the paleo lakeshore of Dali lake in northern China 
during the 4.2 ka event (Goldsmith et al., 2017b), and the dry 
climate might exacerbate the desertiﬁcation in this region (Yang 
et al., 2015). However, our XLd δ18O record, together with sta-
lagmite HS4 record (Zhu et al., 2017), reveals increased monsoon 
precipitation in central China from 4390 to 3800 a BP (Fig. 8), 
which is the opposite of the drought in northern China during 
this period. In addition, multiple proxies from Huguangyan maar 
lake in south China (Wu et al., 2012), and Xihu lake in southwest 
China (Xu et al., 2015) all suggest a wet interval during this pe-
riod. These newly accessed records, under accurate U-series and 
AMS 14C dating controls, indicate wet climate during the 4.2 ka 
event in central and southern China. The spatial pattern of mon-
soon precipitation distribution in China during the 4.2 ka event 
was similar to that during the LIA (Chen et al., 2015b). A wet LIA 
was observed in the upper Hanjiang River region (Tan et al., 2009), 
south (Zeng et al., 2012) and southwest China (Sheng et al., 2015), Fig. 10. Comparison of (A) the detrended XL δ18O record (red line is the 100-year 
running mean), with (B) ice-rafted hematite-stained grains (HSG) record from the 
North Atlantic (Bond et al., 1997), (C) Lake Qinghai Westerly climate index (WI, ﬂux 
of >25 μm fraction, An et al., 2012), (D) Northern Hemisphere Westerly index based 
on Ca2+ in GISP2 ice core (100-year running mean, Mayewski et al., 1997), (E) Asian 
summer monsoon intensity recorded in stalagmite δ18O from Dongge cave (light 
blue line – Wang et al., 2005; orange line – Dykoski et al., 2005; both records were 
detrended). Stalagmite δ18O record from Dayu cave, 15 km north the Xianglong 
cave, covering the last 750 yr (Tan et al., 2009) are also shown in panel A. (For 
interpretation of the references to color in this ﬁgure legend, the reader is referred 
to the web version of this article.)
while a dry LIA existed in northern China (Chen et al., 2015a;
Tan et al., 2011a).
5.4. Driving forces
From comparisons above, both spatial consistency and regional 
difference of rainfall variations in monsoonal China existed dur-
ing rapid climate change events in Holocene. The distinct droughts 
during 5800–4900 a BP and 2950–2680 a BP in the upper Hanjiang 
River region (Fig. 10A) and other regions of monsoonal China were 
coincident with two strongest ice-rafted debris (IRD) events in 
North Atlantic sediment cores (Fig. 10B) since the middle Holocene 
(Bond et al., 1997). In the meantime, the Westerly jet recorded 
in the sediment of Lake Qinghai from northeast Tibetan Plateau, 
China (Fig. 10C) was signiﬁcantly strengthened during these two 
periods (An et al., 2012). The Ca2+ concentration in GISP2 ice core 
from Greenland (Fig. 10D) also documented the enhanced West-
erly jet during 6000–5000 a BP (Mayewski et al., 1997). During 
these two periods, remarkably weak Asian summer monsoon was 
observed (Dykoski et al., 2005) (Fig. 10E).
The strong freshwater input, as recorded by the IRD (Bond et 
al., 1997), could slow down the formation of North Atlantic Deep 
Water and reduce the Atlantic Meridional Overturning Circulation 
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the high northern latitude region, intensifying the mid-latitude 
westerlies, and cause a southward shift of Northern Hemispheric 
Westerly jet (Chiang et al., 2015; Nagashima et al., 2011). The 
cooling in the high northern latitude could also cause a south-
ward shift of Intertropical convergence zone (Zhang and Delworth, 
2005), weakening the Asian summer monsoon (Wang et al., 2001).
It is suggested that the onset of rainfall seasons in East Asia 
is closely related to the transition of the Westerly jet from south 
of the Tibetan Plateau to the north (Ding and Chan, 2005; Gao 
and Xu, 1962). When the jet is moved to the south of the Plateau 
during the spring, East Asia experiences spring rains which is dis-
tinct from the rainfall associated with the EASM (Wu et al., 2007). 
With the weakening of the jet in early-mid May, the pre-Meiyu 
phase starts, and summer monsoon surges in the South China Sea. 
Accompanied with the transition of the jet to the north of the 
Plateau in early-mid June, Meiyu rainfall starts, and the rain belt 
shifts rapidly northward to central China along the valley of the 
Yangtze River. Monsoon ﬂow from the south brings a large amount 
of rainfall with lighter δ18O, while in northern China, the lack of 
monsoonal moisture during this time, the precipitation is small 
and δ18O is relatively heavy (Chiang et al., 2015). With the fur-
ther weakening and northward displacement of the jet in July, the 
Meiyu front disappears and the rain belt jumps to North China, 
This stage causes rainfall over northern China, whereas central and 
southern China becomes relatively dry. When the jet strength-
ens and advances southward in the early September, the mon-
soon rain belt rapidly retreat to the south (Chiang et al., 2015;
Ding and Chan, 2005; Gao and Xu, 1962, and references therein).
Remarkably intensiﬁed and southward Westerly jet, together 
with weakened Asian summer monsoon during 5800–4900 a BP 
and 2950–2680 a BP (Fig. 10), delayed seasonal jet transition from 
south of the plateau to the north, and postponed the onset of 
Meiyu and/or summer rainfall (Chiang et al., 2015; Nagashima et 
al., 2011). This would result in synchronous decrease of monsoon 
precipitation in China during the 5.0 ka and 2.8 ka events. How-
ever, conditions were different during the 4.2 ka event. The IRD 
event was not as strong as that during the 5.0 ka and 2.8 ka events 
(Fig. 10B), which might cause less reduction of AMOC and temper-
ature in the high northern latitude region. As shown in Fig. 10, 
Westerly jet recorded in Lake Qinghai (An et al., 2012) and GISP2 
ice core (Mayewski et al., 1997) did not signiﬁcantly strengthen 
during this period. In this case, weak summer monsoon might 
cause rain belt reaching more southward and stay longer there 
than normal, which would reduce rainfall in northern China but 
enhance it in central and southern China (Tan et al., 2011a). This 
mechanism could also explain the observed dry northern China but 
wet central and southern China during the LIA (Chen et al., 2015b;
Tan et al., 2011a, 2009) and the mid-to-late 20th century (Yu et 
al., 2004). Modeling studies in the future are needed to test this 
hypothesis.
6. Conclusions
We reconstructed monsoon precipitation variations in the up-
per Hanjiang River region, central China in the past 6650 years 
based on δ18O records of four absolutely-dated, high-resolution 
stalagmites from Xianglong cave in the southern slope of Qinling 
Mountains. The long term increasing trend of our δ18O since the 
middle Holocene is consistent with other speleothem records from 
monsoonal China and follow the gradually decreasing Northern 
Hemisphere summer insolation, which indicates that solar inso-
lation controlled orbital-scale EASM intensity. However, the δ13C 
records imply that local precipitation on long-term scale may not 
have decrease remarkably, despite the declined EASM intensity. 
A series of centennial- to decadal-scale variations, with periodic-ities of quasi-millennium-, quasi-century-, 57-, 36- and 22-year 
was observed when the long-term trend was removed. Periods 
of increased monsoon precipitation in this region are identiﬁed 
in 6500–6100, 4850–4650, 4390–3800, 3590–2960, 2680–2450, 
2050–1670, and 1110–790 a BP. Decreased monsoon precipi-
tation are observed during periods of 5800–4900, 4640–4400, 
2950–2680, 1670–1120, and 790–650 a BP. Comparisons suggest 
increased monsoon precipitation at least caused four super-ﬂoods 
in the upper Hanjiang River valley, which occurred in 4290± 90, 
3170± 130, 1730± 60, and 900± 60 a BP.
Abnormally reduced monsoon precipitation in the upper Han-
jiang River region during periods of 5800–4900 a BP and 2950–
2680 a BP correspond to the 5.0 ka and 2.8 ka cold events in the 
high northern latitude region, respectively. They coincide with no-
table droughts recorded in different regions of China. Remarkably 
intensiﬁed and southward Westerly jet caused by strong freshwa-
ter input into the North Atlantic, together with weakened Asian 
summer monsoon, might delayed seasonal Westerly jet transition 
from south of the Tibetan Plateau to the north, and postponed 
the onset of Meiyu and/or summer rainfall, which resulted in syn-
chronous decreasing of monsoon precipitation in China during the 
5.0 ka and 2.8 ka events. It was wet in the upper Hanjiang River 
region during the 4.2 ka event and the LIA, similar to the climate 
conditions in central and southern China, but was opposite of the 
droughts observed in northern China. We propose that weak sum-
mer monsoon, together with less strengthen or normal Westerly 
jet may cause rain belt stay longer in the southward region than 
normal, which reduced rainfall in northern China but enhanced it 
in central and southern China.
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